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ABSTRACT
Herein, we report the cooperative self-assembly of nanoparticles and block copolymers at the air-
water interface, which can generate highly uniform and readily transferable composite films with
tunable nanoscale  architecture  and  functionalities.  Interestingly,  the  incorporation  of
nanoparticles significantly affects the self-assembly of block copolymers at the interface. The
nanoparticle-induced morphology change occurs through distinct mechanisms depending on the
volume  fraction  of  the  hydrophobic  block.  For  block  copolymers  with  a  relatively  small
hydrophobic volume fraction, the morphology transition occurs through the nanoparticle-induced
swelling of a selective block. When the hydrophobic volume fraction is  large enough, added
nanoparticles  promote  the  breath  figure  assembly,  which  generates  uniform honeycomb-like
porous structures with unusual nanoscale periodicity.  This approach is generally applicable to
various types of nanoparticles, constituting a simple one-step method to porous thin films with
various functionalities. 
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The binary self-assembly of nanoparticles and block copolymers has emerged as a promising
way to create new materials with desired nanoscale architecture and properties.1-4 The composite
material can be designed to possess a number of interesting and useful functionalities such as
enhanced  mechanical,5 controlled  permeation,6 and  various  optical,7 magnetic,8 and  catalytic
properties,9 depending  on  the  type  and  distribution  of  nanoparticles.  In  this  approach,  the
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arrangement of nanoparticles in the polymer matrix is controlled by the self-assembly of block
copolymers, which forms a range of different nanostructures such as spheres, cylinders, gyroid
and  lamella  through  the  microphase  segregation  of  two  polymer  blocks.10 Thermodynamic
considerations  indicate  that  nanoparticles  can  be  incorporated  into  one  of  the  two  polymer
domains or at the interface between polymer blocks, depending on the surface nature and size of
nanoparticles.11,  12 In  often cases,  the incorporation  of nanoparticles  affects  the self-assembly
behavior  of  block copolymers,  resulting  in  unexpected  and in  some cases  unusual  assembly
structures.13-15 Such behavior  has been actively studied for thin film and solution phase self-
assembly. For example, Kramer and coworkers reported that the incorporation of polystyrene-
coated gold nanoparticles in a thin film self-assembly of polystyrene-block-poly(2-vinylpyridine)
caused a morphological transition from lamella to sphere by the swelling of a selective domain.16
For the solution phase assembly, we have shown that the incorporation of nanoparticles  in the
self-assembly  of  micelle-forming  block  copolymers  caused  an  entropy-driven  morphological
transition to vesicles, forming magnetically active polymer vesicles.17, 18
Self-assembly at the air-liquid interface constitutes a distinct self-assembly platform for block
copolymers and nanoparticles, offering new opportunities.19-24 Firstly, the fluidic nature of the
liquid subphase promotes  the formation  of highly ordered assembly structures.20-22 Secondly,
polymer or nanoparticle films formed at the interface can be readily transferred to an arbitrary
solid  substrate.  As  such,  the  air-liquid  interfacial  self-assembly  of  nanoparticles  and  block
copolymers can potentially generate highly uniform and easily transferable composite films that
have the functionality of nanoparticles and controllable mechanical properties of polymers. It has
been  shown  that  the  interfacial  self-assembly  of  polymer-grafted  nanoparticles  can  lead  to
diverse  assembly  structures  that  are  not  possible  for  single  component  self-assembly  of
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nanoparticles.25 The interfacial  self-assembly of nanoparticles and block copolymers has been
exploited to generate unusual ring-shape assemblies of nanoparticles.26 However, interfacial self-
assembly of nanoparticles and block copolymers has not been systematically studied thus far. 
Here,  we investigated  the  self-assembly  behavior  of  nanoparticles  and  a  prototypical
block  copolymer,  polystyrene-block-poly(2-vinylpyridine)  (PS-b-P2VP)  at  the  air-water
interface.   Depending on the  volume fraction  of  PS (fPS),  the  incorporation  of  nanoparticles
induces interesting morphology changes through two distinct mechanisms. Block copolymers
with a small fPS showed a cylinder-to-sphere morphology transition through the selective volume
swelling, indicating that the findings in the thin film and solution phase assembly are applicable
in interfacial self-assembly. For block copolymers with a large fPS, the addition of nanoparticles
induced sphere-to-pore morphology transition through the breath figure mechanism, which led to
uniform  porous  structures  composed  of  nanoparticle-loaded  polymer  frames  and  unusual
nanometer scale pores. Such porous structures can be useful for various applications such as
advanced membranes,27, 28 catalysts,29 and optical devices.30
RESULTS AND DISCUSSION
Synthesis  and characterization  of PS-b-P2VP and nanoparticles.  A series of PS-b-
P2VP with different molecular weights was synthesized by sequential anionic polymerization.31
Briefly, polystyrene (PS) was first synthesized by anionic polymerization, which was followed
by  the  subsequent  growth  of  2-vinylpyridine  (2VP)  to  the  living  PS  block.  The  molecular
weights of block polymers and each PS volume fraction (fPS) are evaluated by the gel-permeation
chromatography (GPC) and  1H nuclear  magnetic  resonance (NMR), respectively,  as listed in
Table S1. A series  of different  sized iron oxide nanoparticles  was synthesized  by  a  thermal
decomposition  method,  following  a  modified  literature  procedure.32 CdSe/CdS  core/shell
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quantum dots were synthesized by the hot injection method33 and subsequent shell growth by the
successive ionic layer adsorption and reaction (SILAR).34 CdSe/CdS core/shell  quantum rods
were  synthesized  by  the  seeded  growth  method.35 The  size  distribution  of  synthesized
nanoparticles was determined by transmission electron microscopy (TEM) (Figures S1 and S2).
Further synthetic and characterization details are provided in the supporting information.  
Binary self-assembly of  iron oxide nanoparticles and PS-b-P2VP at the air-water
interface.  In  a  typical  procedure,  a  droplet  (100  μL)  of  a  toluene  solution  containing
nanoparticles  and  PS-b-P2VP  was  gently  placed  on  the  water  surface,  followed  by  slow
evaporation of toluene (Figure 1a). Nanoparticle/polymer hybrid films were formed on the water
surface  with solvent evaporation,  which  were  transferred  onto  TEM  grids  for  structural
characterization. Figure 1b, c present TEM images of hybrid films formed from PS27k-b-P2VP5.8k
with  fPS of  0.84 and  oleic  acid-capped  iron  oxide  particles  (average  diameter  and  standard
deviation:  7.5  ± 0.2 nm). Interestingly, the interfacial self-assembly generated honeycomb-like
assembly structures where nanoparticles are distributed in the polymeric network. The average
hole diameter, width of the polymer frame, and periodicity, which is defined by the center-to-
center distance between adjacent pores, were measured to be 83 ± 3.5 nm, 27 ± 1.6 nm, and 110
± 5.6 nm, respectively (Figure 1b, c). Atomic force microscope (AFM) images clearly show the
porous feature of the film (Figure 1d). The slow evaporation of toluene was necessary for the
formation  of  uniform assembly  structures;  when the  evaporation  was  too  fast,  no  particular
structural order was observed in the hybrid films (Figure S3).
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Figure 1. Binary self-assembly of amphiphilic block copolymers and nanoparticles at the
air-water  interface.  (a)  Schematic  illustration  of  the  interfacial  self-assembly.  (b,  c)  TEM
images of a hybrid film formed from PS27k-b-P2VP5.8k and 7.5 nm iron oxide particles. (d) AFM
image and the height (h) profile along the red line.
To investigate the role of nanoparticles in the formation of unusual porous assembly structures,
PS-b-P2VP  thin  films  were  prepared  without  nanoparticles,  following  the  same  procedure
described above. Figure 2a presents a TEM image of PS-b-P2VP film where  P2VP domains
appear dark due to the iodine  vapor  staining.  PS-b-P2VP forms reverse micelles composed of
hydrophilic P2VP core and hydrophobic PS shell in toluene. Upon toluene evaporation, reverse
micelles of PS-b-P2VP form closely packed hexagonal arrays at the water surface as depicted in
Figure  2c  (left).  Such hexagonal  dot  array  structure,  which  is  commonly  observed  for  self-
assembly of asymmetric block copolymers,36 is different from the porous assembly structure of
the nanoparticle-loaded film (Figure 2b).  Apparently,  the addition of nanoparticles  induces a
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drastic morphological change from the typical hexagonal dot arrays to a porous honeycomb-like
network structure (Figure 2c). The binary self-assembly was also carried out at varying weight
fractions of nanoparticles, which is defined as the dried mass of particles over the total mass of
particles and polymers (i.e., 4.6%, 21%, 35%, 57%, and 73%). Porous assembly structures were
obtained for a broad range of nanoparticle weight fractions except for 4.6 and 73% (Figure S4).
The stained TEM images show that the pores in the hybrid film (Figure 2b and S5) are lined with
hydrophilic P2VP and that hydrophobic nanoparticles are mostly found in the PS domain, which
is consistent with the solubility parameters of oleic acid (15.8 MPa1/2), PS (16.2-20.2 MPa1/2),
P2VP (21.2 MPa1/2) and water (47.9 MPa1/2).37, 38 
Figure 2. The effect of nanoparticles on the interfacial self-assembly of PS-b-P2VP. (a) TEM
image of PS27k-b-P2VP5.8k film formed without nanoparticles. (b) TEM image of PS27k-b-P2VP5.8k
film formed with 7.5 nm iron oxide particles. P2VP domains were selectively stained with iodine
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vapor before imaging for both samples. Scale bars in inset images are 50 nm. (c) Schematic
description showing the morphology change caused by the addition of nanoparticles. Pale gray
and dark gray colors indicate PS and P2VP domains, respectively.  
The effect of PS volume fraction. A series of block copolymers was synthesized to investigate
the effect of fPS on the binary self-assembly at the air-water interface (Figure 3). Since the block
copolymer used for porous assemblies had a large  fPS of 0.84 (Figure 2), additional polymers
with an intermediate fPS of 0.68 (PS82k-b-P2VP42k) and a small fPS of 0.39 (PS39k-b-P2VP67k) were
selected  for  this  study.  Experimental  conditions  including  the  size  (7.5  nm)  and  the  weight
fraction (35%) of nanoparticles were kept identical to those used for the self-assembly of PS27k-b-
P2VP5.8k. 
Figure 3.  The effect of PS volume fraction. (a, b) TEM images showing the assembly structure
of  PS82k-b-P2VP42k  (fPS  = 0.68)  (a)  without  or  (b)  with  iron oxide  nanoparticles.  (c,  d)  TEM
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images showing the assembly structure of PS39k-b-P2VP67k (fPS = 0.39) (c) without or (d) with iron
oxide nanoparticles.  Schematics  (right)  illustrate  how the addition of nanoparticles  alters  the
relative volume fraction between hydrophobic (pale gray) and hydrophilic (dark gray) domains.
For all TEM images, P2VP domains were selectively stained with iodine vapor. 
In the absence of nanoparticles, PS82k-b-P2VP42k with fPS of 0.68 assemble into hexagonal arrays
of  reverse  micelles  composed  of  P2VP core  and PS shell  (Figure  3a),  similarly  to PS27k-b-
P2VP5.8k with fPS of 0.84 shown in figure 2. With a further decrease of PS fraction to 0.39 (PS39k-
b-P2VP67k), one-dimensional cylindrical micelle arrays were observed. This structural trend can
be explained by the core/shell volume ratio.10 As the  fPS becomes smaller, cylindrical micelles
with a smaller relative shell volume become more stable than spherical micelles. As such, the
self-assembly  of  PS-b-P2VP  at  the  air-water  interface  generally  follows  the  self-assembly
behavior  in  thin  film  or  solution  phase,  where  the  block  ratio  is  an  important  factor  that
determines the assembly structure.10 This is consistent with previous reports for the self-assembly
of block copolymers at the air-water interface.39, 40
In the binary self-assembly, both polymers showed spherical reverse micelle arrays with
nanoparticles in the PS domain (Figure 3b, d). For the intermediate fPS of 0.68 (PS82k-b-P2VP42k),
hydrophobic nanoparticles are passively incorporated into the hydrophobic PS domain of reverse
micelle  arrays  (Figure  3a,  b).  Although the  ordered  hexagonal  structure  is  disrupted  by  the
incorporation of nanoparticles, the reverse micelle array structure is generally retained in the
film. Whereas for PS39k-b-P2VP67k with a small fPS (0.39), the addition of nanoparticles induces a
noticeable morphology change from cylindrical micelle arrays to pseudo-spherical micelle arrays
(Figure 3c, d). The morphology change can be explained by the increased hydrophobic block
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volume  with  the  incorporation  of  nanoparticles.  Such  nanoparticle-induced  morphology
transition has been seen in thin film and solution phase assemblies.16,  17 Note that no porous
assembly structure was observed in both cases, indicating that the combination of nanoparticles
and block copolymers with a high hydrophobic block ratio promotes the development of porous
structures. 
Figure 4.  The effect  of polymer molecular weight. (a-c) TEM images of binary assembly
structures formed from 7.5 nm iron oxide particles and block copolymers having the same fPS of
0.84 and different molecular weights of 27 kg/mol (a), 33 kg/mol (b), and 50 kg/mol (c). (d-g)
Magnified TEM images (d-f)  and histogram (g) showing the trend in frame widths with the
molecular  weights (Scale bars,  50 nm). The polymer arrangement  in the frame is pictorially
described in (e), where red and blue lines represent PS and P2VP, respectively.
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Additional asymmetric block copolymers having a large fPS of 0.84 but different overall
molecular weights (i.e., PS22k-b-P2VP4.7k and PS41k-b-P2VP8.7k) were synthesized and used for the
interfacial self-assembly (Figure 4). As in PS27k-b-P2VP5.8k, PS22k-b-P2VP4.7k and PS41k-b-P2VP8.7k
formed reverse micelle arrays at the interface in the absence of nanoparticles (Figure S6). With
the  addition  of  nanoparticles,  both  PS22k-b-P2VP4.7k and  PS41k-b-P2VP8.7k developed  porous
honeycomb-like  assembly  structures  (Figure  4a,  c),  again  as  in  the  case  of  PS27k-b-P2VP5.8k
(Figure 4b). These results are  consistent with the hypothesis that the high hydrophobic block
ratio promotes the formation of porous structures. As presented in Figure 4d-g, the frame width
gradually increased  from 20  ± 2.6  nm to  33  ± 2.8  nm,  as  the  molecular  weight  of  block
copolymers increased from 27 kg/mol to 50 kg/mol. This result suggests that the frame is likely
to be composed of two layers of block copolymers, as illustrated in Figure 4e.
Mechanism  for  the  porous  assembly  formation. To  understand  what  induces  the
formation of porous structures with nanometer scale periodicity, the self-assembly process was
monitored by taking TEM images at different time intervals from the initial  stage of solvent
evaporation (Figure 5a-d). The toluene droplet containing nanoparticles and polymers quickly
spread, when placed on the water surface. TEM images of the hybrid film transferred 10 min
after the droplet deposition showed a layer of nanoparticles with a small number of pores (Figure
5a). As the toluene continues to evaporate, porous nanoparticle networks start to emerge (Figure
5b,  c)  and further  develop into a  more ordered  honeycomb-like structure  with  the complete
evaporation of toluene (Figure 5d). Occasionally, hybrid films rest at an angle with respect to the
TEM grid, revealing the inner structure of the film (Figure 5e, f). Interestingly, the images of
porous  hybrid  films  taken  at  an  angle  revealed  interconnected  two-layered  structures  where
nanoparticles are located in both the top and bottom layers (Figure 5e, f). Scanning TEM high
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angle  annular  dark  field  (STEM-HAADF)  images  at  various  tilt  angles  also  show  two
interconnected honeycomb-like frames of nanoparticles (Figure 5g, Figure S7, and movie S1).
Figure  5.  The  self-assembly  process  and  internal  structure. (a-d)  TEM images  taken  at
different time intervals, 10 min (a), 1 hour (b), 3 hours (c), and 15 hours (d) from the beginning
of the self-assembly of PS27k-b-P2VP5.8k and 7.5 nm iron oxide particles. (e, f) TEM images of
hybrid  films  formed from PS27k-b-P2VP5.8k and  16.0  nm iron  oxide  particles,  which  appears
folded along the white dashed line in (e), revealing the internal structure. (g) STEM-HAADF
images of a hybrid film formed from PS27k-b-P2VP5.8k and 16.0 nm iron oxide particles obtained
at 0 and 30 degree tilt angles (Scale bars, 100 nm). (h) Schematic illustration of the two layered
honeycomb-like film formed by the breath figure mechanism. 
Based on these observations, we attribute the formation of porous hybrid films to the
breath  figure-assisted  self-assembly.41 Both  the  time  progression  (Figure  5a-d)  and  internal
structure (Figure 5e-g) are consistent with this mechanism (Figure 5h).41 As toluene evaporates
in humid conditions, small water droplets can condense on the toluene layer.42 Over time, water
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droplets,  stabilized  by  nanoparticles  and  block  copolymers,  grow  and  pack  into  ordered
hexagonal arrays. Finally, the complete evaporation of toluene results in solidified nanoparticle-
loaded polymer frames with empty cavities (Figure 5h). In breath figure methods, solvents with
high vapor  pressure  such as  chloroform are  typically  used  for  efficient  temperature-induced
water condensation. Low vapor pressure solvents such as toluene, which was used in this study,
usually result in irregular or no pattern formation in a static condition without humid air flow. 43
As expected, no breath figure assembly was observed when the interfacial assembly of  PS-b-
P2VP was performed without nanoparticles (Figure 2a). This result indicates that nanoparticles
switch  on  the  breath  figure  mechanism  that  eventually  leads  to  the  formation  of  porous
structures. 
On  the  polymer  side,  a  control  experiment  with  non-amphiphilic  block  copolymers
composed of  two hydrophobic  blocks  such  as  polystyrene-block-poly(methylacrylate)  (PS-b-
PMA)  did  not  show  any  porous  structures  (Figure  S8a),  while  the  assembly  with  another
amphiphilic  block  copolymer,  polystyrene-block-poly(ethylene  oxide)  (PS-b-PEO)  formed
similar honeycomb-like structures (Figure S8b). These results suggest that the amphiphilic nature
of polymers promotes the formation of porous assemblies at the interface and are consistent with
previous  findings  in  the  breath  figure  assembly  of  block  copolymers.42 The  fPS dependence
presented in Figure 3, 4 is also consistent with this mechanism,44,  45 as block copolymers with a
large  hydrophobic  block  can  stabilize  water  droplets  more  efficiently.42 In  our  binary  self-
assembly,  both  nanoparticles  and block copolymers  can act  as  surfactants  and protect  water
droplets  from  coalescence,  promoting  the  breath  figure  assembly.46,  47 Accordingly,  the
combination  of  breath figure  assembly  and the microphase  segregation  of  block copolymers
appears to be responsible for the nanoporous structure with controllable frame widths (Figure 4).
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The nanoparticle-mediated interface control can also explain the formation of small nanometer
scale  pores  in  our  self-assembly,  as  opposed  to  micrometer  scale  patterns  typically  formed
through the breath figure mechanism.48 It is worth noting that the water subphase used in the self-
assembly makes it possible to generate porous films without any post-processing, while typical
breath figure films casted on a solid substrate produce hexagonal patterns of cavities with the
closed bottom layer.49 Furthermore, the porous film floating on the water surface can be readily
transferred onto an arbitrary substrate by simply lifting up the suspended film with a suitable
substrate.
Extension to nanoparticles with varying sizes and compositions. To examine the size effect of
nanoparticles,  the  interfacial  self-assembly  was  carried  out  with  iron  oxide  particles  in  the
diameter ranging from 7.5 nm to 20.8 nm (i.e., 7.5 ± 0.2 nm, 10.4 ± 0.3 nm, 16.0 ± 0.7 nm, and
20.8 ± 1.0 nm). The weight fraction of nanoparticles was adjusted to 35% for all experiments. As
shown in Figure 6a-d, honeycomb-like structures were formed in all cases, indicating that the
porous assembly structure is general for a broad range of nanoparticle sizes.
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Figure 6. Binary self-assembly with nanoparticles with varying sizes and materials.  (a-d)
TEM images  of  hybrid  assembly  formed from PS27k-b-P2VP5.8k  and iron  oxide  particle  with
different sizes, 7.5 nm (a), 10.4 nm (b), 16.0 nm (c), and 20.8 nm (d). (e, f) TEM images of
hybrid films formed from CdSe/CdS quantum dots (e) and quantum rods (f). Scale bars of inset
images are 50 nm.
To further investigate the generality of the approach, we extended the self-assembly to
semiconductor  nanospheres  and  nanorods.  As-synthesized  oleic-acid  stabilized  CdSe/CdS
core/shell quantum dots (11.7 ± 1.1 nm) and CdSe/CdS quantum rods (5.3 ± 0.5 nm by 61 ± 7.1
nm)  were  used  for  the  self-assembly  without  further  surface  modifications.  Both  types  of
nanoparticles  formed porous assemblies  (Figure 6e,  f),  similarly  to iron oxide nanoparticles.
Spherical quantum dots were located selectively in the honeycomb frame (Figure 6e), again as
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observed for iron oxide nanoparticles. Quantum rods were found both in the polymer frame and
the pore area (Figure 6f), which is attributed to the strong capillary attractions and van der Waals
interactions between  rod-shaped  particles.50 Overall,  these  results  indicate  that  a  range  of
different types and sizes of nanoparticles can be incorporated into the porous assembly structure
using interfacial self-assembly. 
CONCLUSIONS
In summary, we investigated the self-assembly of nanoparticles and block copolymers at the air-
water interface, which led to highly uniform and transferable composite films with interesting
nanoscale  architectures.  Without  nanoparticles,  block  copolymers  organized  into  sphere  or
cylinder arrays on the water surface depending on the PS volume fraction, following predictions
based on the molecular shape.10 Interestingly, the incorporation of nanoparticles induces drastic
morphology changes from cylinder to sphere arrays for asymmetric polymers with a small fPS and
from sphere to pore arrays for asymmetric polymers with a large fPS. The former can be explained
by the relative volume change of hydrophobic and hydrophilic domains by the incorporation of
hydrophobic nanoparticles,  also observed in thin film16 and solution phase17 assemblies.  This
mechanism thus appears to be general for all three self-assembly platforms, thin films, solutions,
and interfaces.  The sphere-to-pore morphology transition  was attributed to the breath figure-
assisted self-assembly. The addition of nanoparticles switches on the breath figure mechanism by
effectively  stabilizing  condensed  water  droplets,  and  the  combination  of  the  breath  figure
assembly and the microphase segregation of block copolymers generates uniform hybrid films
composed of nanoparticle-loaded polymer network with controllable frame width and nanometer
scale pores. Note that the nanoparticle-assisted self-assembly in our approach leads to nanometer
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scale  pore  arrays,  while  the  breath  figure  mechanism  typically  generates  micrometer  scale
patterns.51 The self-assembly is applicable to various as-synthesized nanoparticles including iron
oxide  nanoparticles,  quantum  dots,  and  quantum  rods,  demonstrating  the  generality  of  the
approach.   Such  porous  films  can  serve  as  an  advanced  membrane  material,  where  the
incorporated  nanoparticles  provide  additional  functionalities  and  controllable  mechanical
property and permeability of the film. 
METHOD
Detailed  synthetic  procedure  and  characterization  methods  for  block  copolymers  and
nanoparticles  are  provided  in  supporting  information.  In  typical  self-assembly,  the
nanoparticle/polymer  mixture  was  prepared  by  mixing  28  μL  of  nanoparticles  (2.4  mg/mL,
toluene), 42 μL of PS-b-P2VP (3.0 mg/mL, toluene), and 30 μL of toluene in a 1.5 mL centrifuge
tube.  The weight fraction of nanoparticles, which is defined as the dried mass of particles over
the  total  mass  of  particles  and  polymers,  was  set  to  35%.  100  μL  of  nanoparticle/polymer
mixture was gently dropped onto the water surface in a 50 mL centrifuge tube (diameter: 2.7 cm,
SPL), which was then capped to ensure slow evaporation of toluene. After complete evaporation
of the organic phase (15 hours), the floating film was transferred onto TEM grids by gently
placing a TEM grid onto the film and subsequently lifting it  up. After the film transfer, the
residual  liquid on the grid was immediately  removed with a  piece  of  kimwipes.  Each TEM
sample for the time-dependent self-assembly process (Figure 5a-d) was obtained from different
batches to avoid complications with the film transfer procedure.
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